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INTRODUCTION

The Structure of Cellulose Confers Complexity upon
the Synthetic Process

There is probably no major biochemical process in plants that
is both so important and so poorly understood at the molecu-
lar level as cellulose synthesis. This is surprising, because
the basic synthetic event is a simple polymerization of glucose
residues from a substrate such as UDP-glucose to form the
homopolymer B-1,4-D-glucan (for reviews on the structure and
industrial uses of cellulose, see Kuga and Brown, 1991; French
et al., 1993). However, this is a deceptively simple description,
and the process is clearly very complex and requires many
higher levels of organization. This complexity can be ascribed
to a number of factors that relate to the forms and patterns
in which cellulose is deposited in nature. First, the stereochemis-
try imposed by the B-1,4-glycosidic linkage creates a linear,
extended glucan chain in which every other glucose residue
is rotated ~180° with respect to its neighbor (Figure 1). This
means that cellobiose, and not glucose, is the basic repeat-
ing unit of the molecule and contrasts with other glucan
polymers such as starch (o-1,4-glucan) or callose (B-1,3-glucan;
see Figure 1), in which the disaccharide is not the repeating
unit and the chains are not perfectly extended but assume
less ordered, helical configurations.

The extended nature of the $-1,4-glucan chain creates a sit-
uation in which chains can interact with each other in a very
precise manner to form a rigid structure. Thus, cellulose in
nature never occurs as a single chain but exists from the time
of synthesis as a composite of many chains, called microfibrils
(Figure 1). The chains associate very strongly via both intra-
and interchain hydrogen bonding between glucose residues
in a manner so precise that microfibrillar cellulose is largely
crystalline. Although this notion has been controversial for
many years, the general consensus now is that, in the cellu-
lose | crystal (that is, the form found in nature), the chains are
aligned parallel to each other. This at least eliminates compli-
cations of the sort involved in the synthesis of antiparallel chain
structures such as DNA, and it suggests that the mechanism
of polymerization of adjacent chains probably proceeds in a
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similar manner throughout the microfibril. Chain length can
vary among organisms, ranging from a low of ~2000 up
to ~20,000 glucose residues, and virtually nothing is known
about how chain length is determined. A further complication
arises from the observation that, in nature, cellulose | exists
in two different allomorphs, called lo and IB, that can be
distinguished by ®C-NMR (Atalla and VanderHart, 1989).
Microfibril size can also vary among organisms, in general
ranging from the so-called elementary fibril of ~36 chains
to the very large fibrils of the cellulosic algae, which can con-
tain more than 200 chains and are so highly organized that
they can diffract as a single pure crystal (see Kuga and Brown,
1991). An additional level of organization is apparent from the
observation that, as plant cells mature and deposit a thick sec-
ondary wall, microfibrils often are found further associated into
macrofibrils or bundiles (Figure 1).

Cellulose in the primary walls of dividing and elongating cells
fulfills several functions, the most obvious being to provide
strength. In most primary walls, cellulose exists as elemen-
tary fibrils that form a complex with xyloglucan (Hayashi, 1989).
Tensile strength studies using herbicide-adapted plant cell
cultures that virtually lack a cellulose—xyloglucan network pro-
vide an estimate that this network contributes ~70% of the
total strength to normal primary walls (Shedletzky et al., 1992).
In mature plants, the overall strength of the plant derives mainly
from the very thick secondary cell walls characteristic of many
mature cell types of the plant; because cellulose constitutes
~40% of the dry weight of these walls and is deposited in layers
of alternating pitches, secondary wall cellulose can certainly
be considered to be a major contributor to overall plant strength.

The process of cellulose deposition plays another critical
role in plant development as well, in that the patterns in which

. cellulose is deposited determine, to a great extent, patterns

of plant development (see Green and Selker, 1991). In growing
cells, the pattern of cellulose deposition is generally transverse
to the axis of elongation, thus forcing turgor-driven cell expan-
sion along the elongation axis. Toward the end of elongation,
the pattern shifts, and, depending upon the cell type involved,
complex new patterns of cellulose deposition occur during the
phase of secondary wall cellulose thickening. In sum, the
process of cellulose synthesis not only involves chain poly-
merization but also includes mechanisms that determine how
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Figure 1. Steps in the Assembly of Native Cellulose.
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The basic repeating unit of cellulose is the disaccharide cellobiose; each glucose residue is rotated ~180°, which contrasts with the disaccharide
unit (laminaribiose) found in the B-1,3-glucan callose. Glucose residues (in some activated form) are polymerized into individual chains; these
further associate to form microfibrils. In the primary cell wall of plants, the so-called elementary fibril is a microfibril of ~36 chains, but microfibril
size can vary among organisms. During synthesis of the plant secondary wall, microfibrils often associate further to form bundles.

and to what extent these chains associate to form micro- and
macrofibrils. In the algae and higher plants, complex mecha-
nisms are also required to regulate the orientation of deposition.

Model Systems for the Study of Cellulose
Biosynthesis

No single system has emerged as ideal for the study of cellu-
lose biosynthesis, but for those new to the field, it is helpful
to describe briefly some that have proven particularly use-
ful. Very few genera of bacteria synthesize cellulose, but the
gram-negative bacterium Acetobacter xylinum secretes large
quantities of cellulose as microfibrils from a row of synthetic
sites along the longitudinal axis of the cell (for review, see Ross
et al., 1991). The microfibrils from each synthetic site merge to
form a large ribbon of cellulose; in the growth medium, these
ribbons and associated cells tangle and form a floating pelli-
cle that allows the nonmotile, strictly aerobic bacteria to grow
in the higher oxygen tension at the surface. Upon contact with
host plant cells, the tumor-forming bacterium Agrobacterium
tumefaciens secrets cellulose fibrils from all sides of the cell,
a process that aids in cell attachment and promotes virulence
(see Matthysse et al.,. 1995a, 1995b). Both A. xylinum and
A. tumefaciens can be grown in large quantities and can be
transformed. Mutants of both can be selected or created that
are impaired in cellulose biosynthesis, and genes and enzymes
involved in this process have been identified in both bacteria.
The cellulosic algae have proven quite useful for freeze-fracture
studies in which putative synthase complexes were first visual-
ized in the plasma membrane (Montezinos and Brown, 1976),
but they have proven difficult to study at the biochemical and
molecular levels. The slime mold Dictyostelium discoideum syn-
thesizes cellulose at various stages in its life cycle (Blanton,

1993). A celiulose synthase activity has been demonstrated
in this organism (Blanton and Northcote, 1990), and many
sophisticated genetic approaches are available that make it
very attractive for developmental studies of cellulose biosyn-
thesis. The water mold Saprolegnia contains both p-1,4-glucan
and B-1,3-glucan in its cell walls, and separable enzymes
have been detected that synthesize these glucans in vitro
(Bulone et al., 1990), but genetic studies are not advanced
with this organism.

In higher plants, cotton fibers represent an interesting ob-
ject of study (Basra and Malik, 1984; Ryser, 1985). These are
single cells that elongate from the epidermal layer of the ovule,
and they elongate synchronously within the boll. At the tran-
sition to secondary wall synthesis, the fibers transiently
synthesize callose, followed by massive deposition of second-
ary wall cellulose (Maltby et al., 1979), in which the microfibrils
are deposited in helical arrays in successive layers of alter-
nating pitch. In contrast to other plant cells, cellulose constitutes
more than 90% of the dry weight of the mature fiber cell. (Thus,
when you don your jeans and lab coat, you are wrapping your-
self in millions of these little cellulose factories!) Another
interesting higher plant system is that of mesophyll cells of
Zinnia, which can be induced in culture to undergo differenti-
ation to form tracheary elements that show striking localized
patterns of secondary wall cellulose deposition (Fukuda, 1991).

A WORKING MODEL OF THE MECHANISM OF
CELLULOSE SYNTHESIS

To provide the reader with something to visualize as we pro-
ceed to discuss the process of cellulose synthesis in detail,
we begin by presenting a hypothetical working model of how
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Figure 2. Hypothetical Model of a Cellulose Synthase Complex in
the Plasma Membrane.

A microfibril is synthesized via a multisubunit complex, with one unit
of the complex responsible for the polymerization, secretion, and align-
ment of each glucan chain. For simplicity, the number of such units
shown here in the complex and the number of chains formed are less
than that expected in nature. This model should be considered purely
speculative and is a composite derived from studies done with a vari-
ety of organisms, including bacteria, algae, and higher plants. See
the text for evidence regarding the existence and function of the vari-
ous subunits shown in the model. Interaction with microtubules would
not be expected for a bacterial synthase, and the interaction with su-
crose synthase (SuSy) has been implicated only in higher plants. The
arrow in the plasma membrane shows the direction an algal or plant
synthase complex is expected to move during microfibril synthesis.
CS, catalytic subunit.

cellulose might be synthesized. Figure 2 shows a cellulose
synthase complex at the plasma membrane. Because cellu-
lose is synthesized as microfibrils, each complex should have
one synthetic unit, including a catalytic subunit, per glucan
chain. For simplicity, we show only four such units, but for an
elementary microfibril there are most likely ~36 such units per
complex. Each catalytic subunit accepts as a substrate an ac-
tivated form of glucose, most likely UDP-glucose. This might
come directly from the cytoplasm or, in higher plants, might
be donated from a membrane-associated form of sucrose
synthase. The growing chains may be secreted through the
membrane via a pore, and an accessory protein may facilitate
alignment of the chains to promote precise crystallization into
cellulose |. We also discuss evidence for additional regula-
tory subunits, but for simplicity these are not included in the
model shown in Figure 2. In bacteria, the complexes are sta-
tionary, and microscopic studies of the process suggest that
the force of polymerization propels the entire cell backward
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in the medium. In algae and plants, it is thought that the com-
plex moves in the fluid mosaic membrane and that the pattern
of movement determines the pattern of cellulose deposition
and is somehow guided by microtubules that are either adja-
cent to, or directly connected with, the synthase complex.

With this model as background, we now proceed to exam-
ine the various steps in cellulose biosynthesis as we understand
them today, to clarify what we know as distinct from what we
only suspect or do not know at all, and in so doing, to point
out which critical questions need to be addressed to under-
stand the process fully. We have also indicated those areas
in which molecular and genetic appoaches may be most use-
ful. Other reviews on cellulose synthesis in bacteria and higher
plants are available (Delmer, 1990; Ross et al., 1991; Blanton
and Haigler, 1995), as are some more general reviews on plant
cell wall biosynthesis (Delmer and Stone, 1988; Bolwell, 1993;
lyama et al., 1993).

TRACING THE PATH OF CARBON INTO CELLULOSE

The only well-characterized cellulose synthase is that of A. xyli-
num. This synthase uses UDP-glucose directly as a substrate
for polymerization in vitro (Ross et al., 1991), and a mutant
blocked in ability to synthesize UDP-glucose from UDP-glucose
pyrophosphorylase is cellulose deficient (Valla et al., 1989).
Very recent and surprising results with A. tumefaciens sug-
gest a substantially different pathway, in which glucose residues
from UDP-glucose are transferred to lipids, which then serve
as further intermediates from which oligosaccharides undergo
a final polymerization via an endoglucanase functioning in a
synthetic mode (Matthyse et al., 1995a). No stimulation of cel-
lulose synthesis was observed by addition of cyclic diguanylic
acid (c-di-GMP, an activator of A. xylinum cellulose synthase;
see later discussion), although a previous report suggested
that it plays a role in cellulose synthesis in A. tumefaciens
(Amikam and Benziman, 1989). Five A. tumefaciens genes were
identified as being involved in cellulose synthesis, just one of
which bears homology with a synthase-related gene from
A. xylinum (the BcsA gene; see later discussion; Matthyse et
al., 1995b).

The nonbiological substrate B-cellobiosyl-fluoride has been
shown recently to serve as a substrate for synthesis of cellu-
lose | catalyzed by a purified cellulase in a nonaqueous
environment, which favors synthesis rather than hydrolysis of
the polymer (Lee et al., 1994). However, the possibility of a
glucanase-catalyzed polymerization of cellulose in vivo is a
truly novel idea. Such a reaction seems theoretically possible
if catalyzed within the nonaqueous environment of the plasma
membrane. The details of these new findings need to be con-
firmed further, but if correct, the pathway is definitely novel,
and it would remain to be determined whether it is unique to
A. tumefaciens. One attractive feature of this pathway would
be the ability to transfer, via lipid intermediates, cellobiosyl,
as opposed to glucosyl residues. In a pathway involving transfer
of glucose only, it has been difficult to envision how large
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complexes could add successive residues that are rotated 180°,
a problem that could be avoided by transfer of an activated
cellobiosyl group. However, an aiternate solution to this prob-
lem is suggested in the imaginative model of Saxena et al. (1995),
which proposes two separate UDP-glucose binding sites for
transfer of successive glucose residues in opposite orientations.

Some years ago, a possible role for lipid intermediates in
cellulose synthesis in plants was debated (see Delmer, 1983),
but to date, no firm data exist to support this concept. Plant
cells normally contain very high levels of UDP-glucose (in the
millimolar range; Schiupmann et al., 1994). Using developing
cotton fibers cultured in vitro, Carpita and Delmer (1981) traced
the path of carbon from supplied radioactive glucose to cellu-
lose. The resuits of such kinetic studies, coupled with computer
simulation models, were consistent with but did not prove
the interpretation that UDP-glucose is an intermediate in the
pathway to cellulose.

UDP-glucose can be synthesized by UDP-glucose pyro-
phosphorylase by the reversible reaction glucose-1-P + UTP =
UDP-glucose + PPi(for review, see Kleczkowski, 1994). Most
plant tissues contain very high levels of UDP-glucose pyro-
phosphorylase, so the capacity for UDP-glucose synthesis via
this enzyme is theoretically high; in sink tissues, however, the
enzyme probably functions in the direction of UDP-glucose
degradation. A second possible route for UDP-glucose syn-
thesis is the reversible reaction catalyzed by sucrose synthase
(SuSy): sucrose + UDP = UDP-glucose + fructose. SuSy,
which is found in high levels mainly in nonphotosynthetic tis-
sues, is known to play a critical role in the degradation of
sucrose, most notably during starch synthesis in sink tissues,
where it clearly functions with the UDP-glucose pyrophoshory-
lase (in its degradative mode) to provide glucose-1-P for further
production of the substrate for starch synthesis, ADP-glucose
(Geigenberger and Stitt, 1993; see also Martin and Smith, 1995,
this issue).

The maize shrunken (sh7) mutant, which is deficient in the
ability to form starch, has a mutation in a gene coding for an
endosperm-specific form of SuSy (Chourey and Nelson, 1976).
The endosperm cells of the sh1 mutant eventually deteriorate,
apparently as a result of a defect(s) in cell wall formation, sug-
gesting an important role for SuSy in some aspect of wall
formation (Chourey et al., 1991). A specific inhibitor of cellu-
lose synthesis, 2,6-dichlorobenzonitrile (DCB), inhibits the
expression in maize protoplasts of a reporter gene directed
by the promoter of the sh7 gene (Maas et al., 1990). These
authors interpreted this result as relating to the known regula-
tion of the sh? gene by sugar levels and proposed that
increased UDP-glucose levels may feed back to regulate SuSy
gene expression. However, we have found that DCB does not
significantly alter UDP-glucose levels in plants (D. P. Delmer,
unpublished resuits), and DCB may thus affect expression by
some other mechanism. SuSy also plays an important role
in sucrose degradation to provide energy for phloem loading
and to provide UDP-glucose for callose synthesis in sieve plates
(Geigenberger et al., 1993; Martin et al., 1993; Nolte and Koch,
1993).

Recent studies with developing cotton fibers also suggest
an important role for SuSy in providing UDP-glucose for cellu-
lose synthesis (Amor et al., 1995). The most abundant of the
membrane proteins that bind UDP-glucose is an 84-kD poly-
peptide that binds UDP-glucose in a Mg?*-dependent manner
(Delmer et al., 1991). Because this is close to the size of the
catalytic subunit of bacterial cellulose synthase (see later
discussion), we undertook to purify and characterize this poly-
peptide. Sequencing of several tryptic fragments from the
purified polypeptide showed it to be a form of SuSy. Before
this observation, all studies with SuSy had assumed that this
enzyme was soluble in the cytoplasm. it is now known that
>50% of total SuSy is very tightly associated with the mem-
brane, suggesting a model in which some form of SuSy might
be associated with the cellulose synthase complex and serve
to channel carbon directly from sucrose via UDP-glucose to
the complex (Amor et al., 1995; see also Figure 2).

The idea that SuSy is associated with the cellulose synthase
complex is appealing for several reasons. First, it is much more
efficient from an energy standpoint than a pathway involv-
ing UDP-glucose pyrophosphorylase, because cellulose would
be synthesized “directly” from sucrose, with the UDP regener-
ated by the cellulose synthase for reuse by SuSy. Furthermore,
glycosyltransferases such as bacterial cellulose synthase
(Ross et al., 1991) and callose synthase (Morrow and Lucas,
1986) are inhibited by UDP; if the UDP is quickly reutilized
by SuSy, then UDP levels could be kept low, thereby enhancing
synthase activity. Finally, there would be little or no competi-
tion by other enzymes for use of the UDP-glucose produced
because it would be channeled directly to the synthase cata-
lytic subunit. Immunolocalization studies (Amor et al., 1995)
show that during secondary wall synthesis in cotton fibers,
SuSy is localized at the cell surface, often in arrays that paral-
lel the helical pattern of cellulose deposition. This further
supports the notion that SuSy may exist in a complex with cel-
lulose synthase.

SYNTHESIS OF CELLULOSE IN VITRO

The first breakthrough in this area came when Aloni et al. (1982)
achieved high rates of in vitro synthesis with membrane prepa-
rations of A. xylinum in the presence of GTP and a solubie
protein factor. Later studies showed that the protein factor is
a diguanylate cyclase that converts GTP to ¢-di-GMP (Ross
et al., 1987, 1991). The finding that c-di-GMP is a specific acti-
vator of the bacterial synthase opened the way for detailed
enzyme characterization and purification and for subsequent
cloning of the genes (see later discussion). Cellulose synthesis
by the A. xylinum enzyme occurs as a Mg2*-dependent reac-
tion that uses UDP-glucose as a substrate and, in the presence
of micromolar levels of c-di-GMP, takes place at in vitro rates
that can approach those observed in vivo (Aloni et al., 1982;
Ross et al., 1987). No added primer is needed, even with the
purified enzyme; however, one cannot exclude the possibility



that primer purifies with the enzyme. (In general, we can find
no evidence for a primer requirement for synthesis of either
cellulose or callose in any organism.)

There are now also firm reports of in vitro synthesis of p-1,4-
glucan (not shown to be crystalline cellulose) from UDP-glucose
using membrane preparations from Dictyostelium (Blanton and
Northcote, 1990) and from the water mold Saprolegnia (Fevre
and Rougier, 1981). In Dictyostelium, the in vitro activity' ap-
proaches that observed in vivo; the activity is Mg2* dependent
and is stimulated by cellobiose but not c-di-GMP. Unfortunately,
this enzyme has proven difficult to solubilize (Blanton and
Northcote, 1990; Blanton and Haigler, 1995). In Saprolegnia,
the B-1,4-glucan synthase activity is stimulated by Mg+, cel-
lobiose, and ¢-di-GMP, but to a much lower extent than is the
bacterial synthase (Girard et al., 1991). The g-1,3-glucan syn-
thase of Saprolegnia, which can be separated from the
#-1,4-glucan synthase (Bulone et al., 1990), is stimulated only
by cellobiose and has a much higher K, for UDP-glucose

. (Fevre and Rougier, 1981).

A major complication in ali searches for in vitro cellulose
synthase activity in plasma membranes derived from higher
plants arises from the fact that such membranes have very
high levels of callose synthase activity. Indeed, because cal-
lose has often been confused with cellulose in nonrigorous
determinations of glucan structure, there have been a num-
ber of erroneous claims of cellulose synthesis that were
subsequently disproven (see Delmer, 1987). Thus, it is diffi-
cult to discuss the synthesis of cellulose in plants without also
discussing the properties of the callose synthase, which is now
fairly well characterized. Both cellulose and callose synthase
exist in the plasma membrane and appear to use the same
substrate, yet their activities appear to be regulated in an op-
posing fashion in vivo. With the exception of specialized cells
such as polien tubes (see Schlupmann et al., 1993), callose
is not normally a cell wall constituent; rather, it is deposited
in response to perturbations such as mechanical and temper-
ature stresses and pathogen invasion (for a comprehensive
review, see Stone and Clarke, 1992). We have recently observed
that when callose synthesis is induced by elicitors in vivo, there
is a proportional drop in the rate of cellulose synthesis (E.
Shedletzky and D.P. Delmer, unpublished observations), indi-
cating that synthesis of the two polymers has opposing modes
of regulation.

The discovery that callose synthase is activated by micromo-
lar levels of Ca2* provides at least partial explanation for the
induction of callose synthesis in vivo, because elevation of
cytoplasmic Ca2* is known to occur in response to such
perturbations (Kauss, 1991; Trewavas and Gilroy, 1991). How-
ever, there are conditions in which cytoplasmic Ca?* rises, yet
callose synthesis does not occur (see Kauss, 1991). The known
additional requirement for a p-glucoside (for example, cello-
biose) activator (Hayashi et al., 1987) may partially explain this
finding. Instead of cellobiose, the native activator may be
B-furfuryl-B-glucoside, the cytoplasmic level of which may vary
in response to perturbation (Ohana et al., 1993). Itis interesting
that the requirement for a B-glucoside is shared also by the
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eukaryotic cellulose synthase activities of Dictyostelium and
Saprolegnia.

In studies with membranes derived from developing cotton
fibers, R. M. Brown's group has demonstrated reproducible
but low rates of 1,4--glucan synthesis simultaneous with much
higher rates of callose synthesis in vitro (Li and Brown, 1993;
Okuda et al., 1993). More recently, conditions were found in
which the ratio of cellulose to callose was improved and the
two types of products could be distinguished by electron mi-
croscopy; however, rates of cellulose synthesis were still low
(Kudlicka et al., 1995). Although demonstration of some syn-
thesis of cellulose in vitro is indeed important, the conditions
used to demonstrate this cellulose synthase activity were simi-
lar to those traditionally used for callose synthase, including
addition of Ca2*. This should favor the activity of callose syn-
thase and not that of cellulose synthase. Thus, at present it
seems that we still are lacking an understanding of the critical
factors necessary for obtaining substantial synthesis in
vitro from UDP-glucose (for further discussion, see Delmer
et al., 1993a).

With the recent discovery of a membrane-bound form of
SuSy, we have begun to address the question of whether in
vitro synthesis by disrupted and detergent-permeabilized cot-
ton fibers might occur more readily if the substrate supplied
were sucrose instead of UDP-glucose (Amor et al., 1995). Rates
of B-1,4-glucan synthesis from sucrose can be obtained that
are comparable with, and sometimes exceed, those for callose
synthesis. In the presence of Ca?* and cellobiose, callose can
also be synthesized in this coupled reaction, and although other
studies have obtained contrasting results (Li and Brown, 1993;
Kudlicka et al., 1995), we have found that coupled activity for
B-1,4-glucan synthesis is favored over that for callose in the
absence of Ca2*. Thus, it may be that the plant cellulose syn-
thase normally accepts UDP-glucose readily only when it is
transferred directly from SuSy in the complex, whereas cal-
lose synthase is more readily able to accept UDP-glucose in
its free form. The coupled reaction from sucrose has been pos-
sible to demonstrate only with freshly detached cotton fibers
permeabilized with digitonin, and the reaction is very labile
and not demonstrable in membrane preparations. Such results
suggest that preservation of some higher level of organiza-
tion and/or regulatory factors is critical for obtaining good
activity. The fact that either callose or cellulose can be syn-
thesized from sucrose lends some support to the notion that
both glucan synthases might be in the same complex (with
SuSy), as suggested previously (Jacob and Northcote, 1985;
Delmer, 1987).

OVERALL STRUCTURE OF THE CELLULOSE
SYNTHASE COMPLEX

The Cellulose Synthase Catalytic Subunit

The only catalytic subunit of cellulose synthase that has been
clearly identified is that of A. xylinum. In a preparation of
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* % * k k k *
SPS 195 DSDTGGQVIKYVVELA
SuSy 297 YPDTGGQVVYILDQV
AcsAB 177 WPPEKVR.VHILDDG
BcsA 177 WPPDKVN.VYILDDG
CelA 155 YPADRFT.VWLLDDG
ORF 692 WPKDEKLN.IWILDDG
NodC 53 YPGE.LR.VYVVDDG
HyalS 92 YPLSE .IYIVDDG

Figure 3. Conserved Potential UDP-Glucose/UDP-N-Acetylglucos-
amine Binding Motif Found in Various Glycosyltransferases.

Sequences are derived from cDNA clones. Numbers refer to the posi-
tion of the first amino acid residue of the motif within the derived
sequence. SPS, spinach sucrose-P synthase (accession number
P31928); SuSy, Arabidopsis SuSy (accession number X70990); AcsAB,
fused BcsA and BesB genes of the A. xylinum strain ATCC53582 (ac-
cession number X54676); B¢sA, cellulose synthase catalytic subunit
gene cloned from A. xylinum strain used by Wong et al. (1990; acces-
sion number M37202); CelA, BcsA gene homolog from A. tumefaciens
(accession number L38609); ORF {692, open reading frame (ORF)
from E. coli analogous to the BcsA gene (accession number U00039);
NodC, B-1,4-N-acetylglucosamine synthase from Rhizobium meliloti (ac-
cession number X01649); HyalS, hyaluronan synthase from
Streptococcus pyogenes (accession number L20853). The latter two
gene products utilize UDP-N-acetylglucosamine instead of UDP-glucose
as substrate. All accession numbers are for GenBank listings. Aster-
isks denote the most highly conserved residues.

cellulose synthase purified by product entrapment (see Lin
and Brown, 1989), photo-labeling studies with azido-UDP-
glucose led to labeling of an 83-kD polypeptide (Lin et al., 1990).
N-terminal sequencing of this polypeptide allowed the gene to
be cloned (Saxena et al., 1990). Using a cloning strategy based
upon the approach of genetic complementation of a mutant
defective in cellulose synthesis, Wong et al. (1990) indepen-
dently cloned an operon of four A. xylinum genes (BcsA through
BesD) involved in cellulose synthesis, one of which (BcsA) is
homologous to that cloned by Saxena et al. (1990).

There are no firm indications of the nature of the catalytic
subunit of plant cellulose synthase. Li et al. (1993), using
photo-affinity labeling with azido-UDP-glucose, identified a
polypeptide of 37 kD that shows Mg2*-dependent interaction
with the substrate and was suggested as a likely candidate
for the catalytic subunit. However, these results still remain
correlative, because they were not done with purified cellu-
lose synthase. In similar correlative studies with crude or
partially purified preparations of callose synthase, polypep-
tides in the range of 52 to 57 kD (Frost et al., 1990; Delmer
etal., 1991; Fredrikson et al., 1991; Li et al., 1993; Dhugga and
Ray, 1994) or 28 to 35 kD (Fink et al., 1990; Meikle et al., 1991,
Girard et al., 1992) have been suggested as likely candidates
for the catalytic subunit of this enzyme. There is also prog-
ress in purification of callose synthase. For example, Dhugga
and Ray (1994) achieved substantial enrichment for poly-
peptides of 55 and 70 kD in callose synthase preparations of
fairly high purity, the former of which bound UDP-glucose and

may therefore be the catalytic subunit. Whether these studies
are relevant to cellulose synthase will be unclear until it can
be shown whether the two enzymes are related.

Another possible approach for identifying genes that code
for UDP-glucose binding proteins is based upon the observa-
tion of Saxena et al. (1994) that a highly conserved sequence
exists among the bacterial catalytic subunit and other enzymes
that catalyze the polymerization of B-glycosyl residues from
either UDP-glucose or UDP-N-acetylglucosamine. These in-
clude the NodC, hyaluronate synthase, and ExoO proteins. We
have also examined motifs common to UDP-glucose binding
proteins (D.P. Delmer and Y. Amor, unpublished data), and Fig-
ure 3 illustrates one such motif. Computer searches showed
that a motif present in a UDP-glucose binding polypeptide iso-
lated from sucrose-P synthase of spinach is also found in SuSy
(Salvucci and Klein, 1993), in the BcsA product of two differ-
ent strains of A. xylinum, and in the CelA product from
A. tumefaciens. This motif is the same as the conserved motif
identified by Saxena et al. (1994), which is also found in the -
NodC, hyaluronan synthase, and ExoQ proteins. QOur search
also identified a similar sequence deduced from DNA sequenc-
ing experiments in E. coli, an organism not known to synthesize
cellulose. Surprisingly, further analysis of this sequenced re-
gion by us (Figure 4) and by Sofia et al. (1994) identified three
contiguous genes that show very good to weak homology with
the BesA, BesB, and BesC genes of A. xylinum. The function
of these genes is completely unknown, but their existence is
fascinating, and they clearly deserve further study.

The conservation of this UDP-glucose binding motif in a num-
ber of bacterial and plant proteins indicates that there may well
be a similar region in higher plant ceilulose and/or callose syn-
thases. However, several groups, including our own, have been
unable to identify the plant catalytic subunit gene using the
complete BcsA gene as a probe. This suggests that the plant
catalytic subunit is not highly homologous to the bacterial one.
Furthermore, to our knowledge, the intensive sequencing now
performed on random cDNA clones from a number of plant
cDNA ibraries has yet to yield a sequence showing strong
homology with the BcsA gene. However, it may be that probes
based upon specific and more highly conserved regions of
the genes would be more successful. Hydrophobic cluster anal-
yses of glycosyltransferase sequences (Saxena et al., 1995)
also appear useful for identifying functionally important
domains. At a minimum, such efforts might lead to the iden-
tification of genes coding for other important UDP-glucose
binding proteins of plants.

Evidence for Additional Noncatalytic Subunits

It now seems clear that the A. xylinum synthase complex com-
prises at least one subunit in addition to the catalytic subunit.
The second gene in the operon codes for a polypeptide of 86
kD, which migrates in SDS gels as a 93-kD polypeptide (Wong
et al., 1990; Saxena et al., 1991). This polypeptide copurifies
with the synthase complex (Lin and Brown, 1989; Mayer et
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and BesC Proteins and Similar E. coli Protein Sequences.

E.coliC

One of two contiguous E. coli genes encodes a protein with high ho-
mology with the BcsA protein; the other shows moderate homology
with the BcsB protein. A third E. coli gene codes for a protein showing
weak homology with the BcsC protein. Amino acid sequences were
compared using a Pustell Protein Matrix comparison on the MacVec-
tor Program (Scientific Imaging Systems, New Haven, CT). £, coli DNA
sequences were from ORFs in the area of 76.0 to 81.5 min of the ge-
nome: E. coli A refers to ORF f692; E. coli B refers to ORF 779; E. coli
C refers to ORF 1165. The GenBank accession number for this region
of the chromosome is U00039 (also see Sofia et al., 1994).

al., 1991), and affinity-labeling studies suggest that it is most
likely a regulatory subunit that binds c-di-GMP (Mayer et al.,
1991). The roles of the polypeptides coded by the BcsC and
BesD genes are not entirely clear, but insertional mutagene-
sis of the BesC gene resulted in loss of capacity to synthesize
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cellulose (Wong et al., 1990; Saxena et al., 1994). The derived
amino acid sequence of the BcsC gene product shows some
homology with several bacterial pore-forming proteins (Saxena
et al., 1994), suggesting the possibility that the BcsC gene may
code for a pore protein that serves as the site of exit of the
glucan chains (see Figure 2). Such pores have been visual-
ized only once, by Zaar (1979). No putative pore protein
copurifies with the synthase after solubilization with digitonin,
nor does any polypeptide of the size predicted by the BcsD
gene (17 kD). However, insertional mutagenesis of the BesD
gene creates a mutant that secretes only limited quantities of
cellulose that, depending upon culture conditions, can have
altered crystal structure (Saxena et al., 1994). From such a
result, these authors suggest that the BesD gene may be
involved in determining the crystallization pattern of the mi-
crofibrils (see Figure 2).

In the absence of any purified cellulose synthase from higher
plants, itis not possible to provide hard biochemical evidence
to model the synthase complex. Amor et al. (1991) identified
two polypeptides in membranes of cotton fibers that bind ¢-di-
GMP with high affinity and specificity, but these have proven
difficult to purify and characterize, and no further information
is available at present concerning their possible function (Y.
Amor and D.P. Delmer, unpublished data). Several reports in-
dicate that polypeptides in the 30-kD range copurify with callose
synthase activity. B.P. Wasserman's group has determined that
several such peptides show homology with aquaporins (Wu
and Wasserman, 1993; Qi et al., 1995), and these have been
suggested as possible channels for export of glucan chains
(Qi et al., 1995). Analysis of a recently cloned yeast gene pre-
sumed to code for a subunit of B-1,3-glucan synthase shows
that the gene encodes a protein similar in structure to pore-
like proteins involved in the export of B-1,2-glucan in bacteria
(Cameron et al., 1994). In addition, Andrawis et al. (1993) have
obtained evidence suggesting that purified cotton fiber annexin
binds to, and influences the activity of, callose synthase. Re-
cent crystallographic and biochemical studies with several
animal annexins indicate that these proteins can function as
Ca?* channels (Huber et al., 1990; Berendes et al., 1993).
Thus, it is possible that plant annexin may turn out to serve
as a pore for callose secretion of, perhaps more likely, for al-
lowing entry of Ca2*, which would then cause localized
activation of the callose synthase complex. Other studies iden-
tified a 65-kD membrane polypeptide that also interacts with
cotton fiber callose synthase in a cation-dependent manner
(Delmer et al., 1993b); the function of this protein is unknown,
but recent cloning of the gene coding for this polypeptide
indicates that it shares strong homology with another Ca2*
binding protein, calnexin (D.P. Delmer, unpublished data).

Morphological Studies on Cellulose
Synthase Complexes

Preston (1964) predicted the existence of a cellulose synthase
complex composed of many subunits, each of which would
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catalyze the synthesis of an individual glucan chain; these
chains would then self-associate during synthesis to form the
microfibril (Figure 2). Montezinos and Brown (1976) were the
first to actually visualize such a complex, which they observed
at the ends of microfibrils in freeze—fracture studies of the
plasma membrane of the cellulosic alga Oocystis opiculata.
This terminal complex (TC) consists of a rectangular array of
three linear rows of ~30 particles each. Similar complexes
have been observed in many other cellulose-producing algae
that are characterized by microfibrils of large size and high
crystallinity (for discussion, see Okuda et al., 1994). In some
other algae, such as Micrasterias denticulata, a highly ordered
aggregate of six-particle, rosette-like structures has been ob-
served at the ends of microfibrils (Giddings et al., 1980). In
higher plants, similar rosettes are also observed singly in the
plasma membrane, where they are concentrated at sites of
high cellulose deposition, such as under the bands of cellu-
lose formed in the walls of tracheary elements (Herth, 1985).
Because different types of complexes (or portions of them)
fracture to different faces of the plasma membrane, and be-
cause of limitations in resolution even with fine imaging, it is
not yet known whether particles consist of identical subunits
or several different types of subunit. Studies with antibodies
are not yet feasible, because almost all complexes can be
visualized only by freeze—fracture techniques.

Evidence that TCs and rosettes are involved in cellulose syn-
thesis has been reviewed by Delmer (1987) and more recently
by Blanton and Haigler (1995) and is, overall, fairly convinc-
ing. These complexes, particularly the rosettes of higher plants,
are exceedingly labile, and great care and rapid freezing are
necessary to preserve them (Herth and Weber, 1984). There
is a fairly good correlation between complex size and shape
and microfibril size and crystallinity. For higher plants, in which
single rosettes are found, the size and hexameric appearance
of the rosette fit a model in which each “subunit” of the hex-
amer synthesizes six glucan chains, leading to production of
a 36-chain elementary fibril. This agrees with the prediction
that the 35-glucan chain is the smallest aggregate that can
form truly crystalline cellulose | (Chanzy et al., 1978). In the
alga Micrasterias, in which rosettes are aggregated and micro-
fibril size is much larger, the number of rosettes in each
aggregated row corresponds well with the size of the microfibril
produced (Giddings et al., 1980); a similar correlation between
TC size and shape with microfibril size also holds for linear
TCs (Hotchkiss, 1988).

The cellulose Il crystal structure is more thermodynamically
stable than that of cellulose | and is the form obtained when
cellulose crystallizes from solution. Thus, the metastable cel-
lulose | appears to require the highly ordered synthetic process
found in nature, and cellulose Il is formed only in vivo in mu-
tants or by in vitro synthesis (see Saxena et al., 1994). It now
appears that the la form of cellulose I (triclinic, metastable)
is the predominant type synthesized by linear TCs, whereas
the monoclinic, more stable IB form predominates in rosette-
containing organisms (Atalla and VanderHart, 1989; Sugiyama
et al., 1991). In sum, the type of synthase structure found

appears to be under genetic control and determines the size
and crystalline structure of the microfibril formed (Haigler, 1985,
1991; Okuda et al., 1994; Blanton and Haigler, 1995). As a gen-
eralization, it seems that the large TCs produce a more highly
ordered crystalline form of cellulose than that synthesized by
rosettes.

ROLE OF THE CYTOSKELETON IN
CELLULOSE SYNTHESIS

Except in special cases (see Reis et al., 1994), the cyto-
skeleton is somehow involved in directing the orientation of
deposition of cellulose microfibrils in algae and plants (for re-
view, see Giddings and Staehelin, 1991). Most studies have
indicated that the cortical microtubule (MT) network is the major
entity involved, because the alignment of this network is highly
correlated with the alignment of the most recently deposited
cellulose; furthermore, inhibitors that disrupt MT structure also
lead to disorganized deposition of cellulose. Work with both
developing cotton fibers and tracheary elements suggests that
the actin cytoskeleton may also play a role in this process.
Treating such cells with cytochalasins, which causes depoly-
merization of actin filaments, also disrupts MT and microfibril
patterns (Kobayashi et al., 1987, 1988; Seagull, 1990). These
results suggest that actin may play a primary role in setting
the pattern of the cortical MT network, which in turn sets the
pattern of cellulose deposition.

In animals, the small GTP binding proteins Rac and Rho
are involved in the signal transduction pathway that regulates
actin organization (Downward, 1992). We have recently iden-
tified two cotton genes whose products are homologous to
animal Rac (Delmer et al., 1995). One of these two genes is
particularly highly expressed in cotton fibers just at the time
that the cytoskeleton undergoes the reorganization that leads
to the helical patterns characteristic of the secondary cell wall.
Rac proteins could potentially play other roles in cellulose
and/or callose synthesis: in addition to its role in regulating
actin organization, a Rac-related protein in yeast (CDC42)
appears to be a specific activator of the yeast p-1,3-glucan syn-
thase (Diaz et al., 1993; Mol et al., 1994).

There has been little progress in understanding how MTs
might direct the movement of cellulose synthase complexes
within the plasma membrane (see Giddings and Staehelin,
1991). One model suggests that they might interact directly
with the complex; however, a more favored current model sug-
gests that MTs serve as “fences” between which the complexes
are constrained to move without any direct interaction. This
model derives from several observations from freeze—fracture
studies, in which rosettes appear to be abundant between
MTs rather than in direct connection with them (Giddings and
Staehelin, 1990). However, the concept of a direct connection
between cellulose synthase and cytoskeleton, perhaps via ac-
cessory proteins, seems mechanistically more appealing.
Reports have suggested a role for elongation factor (EF)-1a



in interacting with and affecting the bundling of microtubules
in a Ca?*/calmodulin-dependent manner (Durso and Cyr,
1994) and in being involved in wall-membrane connections
(Zhu et al., 1994). Thus, in addition to its involvement in the
GTP-dependent elongation step of protein synthesis, EF-1q
clearly has other roles, and it is intriguing to speculate about
whether this protein might interact with and promote the
directed movement of cellulose synthase in plants.

Another question is what powers the movement of these
complexes. The force of polymerization itself is considered suf-
ficient to generate this movement; however, the major evidence
for this is based upon the observation that nonflagellated
A. xylinum cells are propelled through a liquid medium as they
synthesize cellulose. However, the situation with bacteria is
clearly different from that with plants, because this synthase
is presumably stationary in the bacterial plasma membrane,
and it remains to be proven that no additional energy inputs
are required to generate cellulose synthase movement in al-
gae and higher plants.

A number of recent studies indicate that cytoskeletal orga-
nization is under hormonal control (reviewed by Shibaoka,
1994). Particularly in the epidermal layer, which limits cell elon-
gation, it now appears that gibberellic acid and auxin either
maintain or reorient MTs in a transverse array and thus pro-
mote elongation. By contrast, the well-known swelling of plant
stems in the presence of ethylene can be attributed to the ef-
fect of this hormone on MT orientation, which is to shift MTs
away from the transverse. However, the mechanism by which
hormones exert these effects is not at all clear, nor is it clear
whether they affect actin function or that of MTs directly.

DISRUPTION OF CELLULOSE SYNTHESIS IN VIVO

A classic approach to dissecting metabolic pathways has been
the use of either chemical inhibitors or mutants blocked in spe-
cific steps in the pathway. Two known herbicides, DCB and
isoxaben, appear to disrupt plant growth by specific inhibition
of cellulose synthesis (see Delmer et al., 1987; Heim et al.,
1990b). Using photo-affinity labeling, Delmer et al. (1987) iden-
tified an 18-kD protein in cotton fibers that specifically binds
an active analog of DCB; however, the protein is not abundant
and, to date, has resisted complete purification and char-
acterization. Other work from our laboratory (D.P. Delmer,
unpublished data) indicates that DCB does not affect labeling
of UDP-glucose in vivo; rather, it appears to exert its effect at
some later step in the synthetic process. A number of reports
show that DCB affects TC and rosette structure (see Mizuta
and Brown, 1992), but its exact mode of action remains un-
clear. DCB has been shown to affect the expression of the SuSy
gene (Maas et al., 1990); we have also found that the level
of SuSy in cell lines adapted to growth on DCB is much lower
than that in the parent lines (Y. Amor and D.P. Delmer, unpub-
lished data), and this effect of DCB clearly deserves further
study. The mode of action of isoxaben is also unclear; however,
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several Arabidopsis mutants have been selected that are re-
sistant to this herbicide, opening the possibility for the eventual
cloning of the genes that confer herbicide resistance and that,
by analogy, may also play a role in cellulose synthesis (Heim
et al., 1989, 1990a). More recently, phthoxazolin has also been
reported to inhibit cellulose synthesis, but no information is
available concerning its mode of action (Omura et al., 1990).

One of the most promising new developments in the field
of cellulose synthesis in higher plants has been the recent se-
lection of several mutants that are impaired in the process.
Potikha and Delmer (1995) have recently characterized an
Arabidopsis mutant that is blocked in the ability to deposit sec-
ondary wall cellulose in the trichomes of leaf and stem. This
mutant was identified because it lacks the birefringence un-
der polarized light that is typical of ordered secondary wall
cellulose. Direct analyses of cellulose content in isolated tri-
chomes indicate that the cellulose level in mutant trichomes
is only 17% of that in wild type; this residual level may be de-
rived from the primary wall, which is formed normally in the
mutant. Brittle culm mutants of barley are somewhat similar,
in that the secondary cell walls of the culm have reduced cel-
lulose content (Kokubo et al., 1991). Although the molecular
lesions in these mutants remain to be discovered, it is clear
now that it is possible to select for nonlethal mutants that are
partially impaired in cellulose synthesis in specific cell types.
The mutants thus raise the interesting possibility that there
might be multiple forms of cellulose synthase that are under
developmental regulation. For example, pollen tubes contain
a callose synthase distinct from that of other tissues in that
it is not regulated by Ca2* (Schlupmann et al., 1993). However,
it cannot be excluded that the mutations are in genes involved
in cell-specific regulation of a common cellulose synthase.

Mutants apparently defective in cellulose synthesis may be
included among the array of temperature-sensitive Arabidop-
sis mutants isolated as putative cytoskeletal mutants. Baskin
et al. (1992) identified a number of such mutants by screening
for mutants that show swelling of the root tip at the restrictive
temperature. Indications are that some of these mutants are
impaired in cellulose synthesis at high temperature (Betzner
et al., 1995). These mutants, which map to distinct loci, are
most likely impaired in primary wall cellulose synthesis; one
is particularly interesting in that freeze—fracture studies indi-
cate a disappearance of rosettes at the high temperature. If
this result is confirmed, it would provide the strongest evidence
yet for a role for rosettes in cellulose biosynthesis. The poten-
tial to clone this gene by chromosome walking exists, and
further characterization of this mutant should provide valuable
new insights into the process.

FUTURE DIRECTIONS

In conclusion, we summarize briefly some areas in which there
is the most potential for future progress. First, regarding in vitro
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cellulose synthesis, the evidence for a coupled reaction between
SuSy and glucan synthases has led to the ability to obtain fairly
high rates of cellulose synthesis in vitro; although the reac-
tion is labile, it offers a new approach for characterization of
the cellulose synthase activity. If such a complex between SuSy
and glucan synthases does indeed exist, then biochemical ap-
proaches such as cross-linking or genetic approaches using
the SuSy gene as “bait” in various types of interaction cloning
systems (for example, Fields and Sternglanz, 1994; Stone et
al., 1994) could lead to identification of other polypeptides in
the synthase complex that might interact with the SuSy protein.

Second, the overall regulation of cellulose and callose syn-
thesis as it relates to cell perturbation certainly deserves further
study. Because of the known activation of callose synthase
by cytosolic Ca?*, it seems most likely that elevation of cyto-
plasmic Ca?* will prove to be a negative regulator of cellulose
synthesis. Because there is so much rapid progress in all
aspects of signal transduction in plants, including that involv-
ing Ca2* (Trewavas and Gilroy, 1991; Bowler and Chua, 1994),
we anticipate that some of the knowledge gained from these
advances can be applied to the regulation of both cellulose
and callose synthesis. The limited data available that indicate
opposing modes of regulation of the synthesis of these poly-
mers also suggest another interesting area of study, namely,
the relationship of cellulose and callose synthesis to the cell
cycle. Because callose is synthesized at the cell plate (see
Stone and Clarke, 1992), this raises the possibility that cellu-
lose synthesis is inhibited at this stage of the cell cycle.

Third, we predict that, in general, the cytoskeleton will be
one of the most fruitful areas of research in plant biology
in the near future. This should also have an impact on studies
of the role of the cytoskeleton in cellulose synthesis. Combining
the power of confocal microscopy with in situ immunolocal-
ization studies, it is now possible to visualize cytoskeletal
reorganization in living plant cells (Yuan et al., 1994). Given
recent advances in microinjection techniques, it should be pos-
sible to dissect the signal transduction pathway from hormonal
stimulation to cytoskeletal reorganization by microinjecting po-
tential regulatory compounds that function downstream of the
hormones and testing their effects in living cells. Recent ad-
vances in receptor research involving the hormones ethylene
(Chang et al., 1993) and auxin (Jones and Prasad, 1992) un-
doubtedly will also contribute to our understanding of the
regulation of cytoskeletal reorganization.

Finally, the power of genetics is beginning to show exciting
potential for dissecting the process of cellulose synthesis. It
is now clear that mutants impaired in various aspects of cellu-
lose deposition can be selected by a variety of techniques.
Clearly, the mutant approach is beginning to bear fruit in studies
of B-glucan synthesis in fungi (Diaz et al., 1993, Cameron et
al., 1994; Enderlin and Selitrennikoff, 1994; Roemer et al.,
1994). The key to success in plants undoubtedly lies in the
use of clever selection and screening techniques. Even in
A. xylinum, many genes are involved in the process—not only
those encoding synthase subunits, but also those whose prod-
ucts control synthesis and degradation of regulatory molecules

such as c-di-GMP (Ross et al., 1991). In plants, with the additional
factors of cytoskeletal involvement as well as developmental
regulation, one can expect that even more genes will be involved.
Looking to the very long term, once critical genes are identified,
the possibility exists for genetic modification of plants in ways
that could alter the structure or crystallinity of cellulose produced
and/or the timing and extent of its deposition in specific tis-
sues of the plant.
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